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Abstract 
Time-of-Flight Diffraction (ToFD) is a technique of non-destructive testing by ultrasound used for detecting faults and 
discontinuities in different components. The development and implementation of this technique was based on ISO 16828:2012 
(Non-Destructive testing – Ultrasonic Testing – Time-of-Flight Diffraction Technique as a method for Detection and Sizing of 
Discontinuities). Controlling the different characteristics of the system, from the specification of the ultrasonic characteristics, to 
the imaging technique, was possible to identify the sources of uncertainty and estimate the ToFD measurement uncertainty. For a 
25 mm deep stainless steel test object, expanded uncertainties less than 0.5% (0.093 mm) was achieved with ToFD. For larger 
ultrasonic paths, the technique is able to depict even lower uncertainties, regarding some care are taken in the ultrasonic 
measurement setup. 
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1. Introduction 
Non-destructive testing (NDT) is widely used in industry, particularly in the evaluation of mechanical parts and 
structures to identify defects or imperfections in welds. Among the main NDT techniques, the most used are based 
on ultrasound. One of these techniques is the time of flight diffraction technique (ToFD), which allows the formation 
of images of the test object, enabling a visual evaluation of eventual flaws [1]. 
The ToFD technique was implemented by Inmetro’s Laboratory of Ultrasound (Labus) based on ISO 16828:2012 
[1]. The particular implementation reported herein allows having control over different characteristics of the system, 
as the specification of its ultrasonic characteristics, the image formation and the involved sources of uncertainty. 
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Furthermore, ToFD technique was compared to other NDT technique to highlight the importance of a proper choice 
of technique regarding the final and utmost importance of the assay. 
 
ToFD is an ultrasound NDT technique that has been successfully applied to the defect sizing in cross-sections of 
parts and equipment. It was invented in the United Kingdom in the 1970s; however, specialists initially ignored the 
method. In 1996, the ToFD began to be used as a major NDT technique for ultrasound [2]. 
ToFD uses the time of flight of an ultrasonic pulse to determine the position of a reflector [3]. The technique is 
based on the use of two angle transducers placed in parallel on the same surface (Figure 1a) in order that an 
ultrasonic pulse generated by a transducer (emitter) is diffracted and received by the opposite transducer (receiver) 
[4]. 
The signals from the transmitting transducer generate two waves one that travels along the object surface and 
another that is reflected in the bottom wall. A sonic diffraction occurs when an ultrasonic beam strikes a 
discontinuity. The detection of diffracted waves makes possible to establish the presence of discontinuities [4]. 
Measuring the time of flight of pulse, the depth of discontinuity can be calculated by trigonometry. In Figure 1b, one 
can observe the behavior of the received signal (A-Scan) when any type of discontinuity is detected [3]. 
Fig. 1. . (a) Wave formation characteristics of ToFD    (b) Example of an A-scan signal characteristic of ToFD. 
 
ToFD generates a D-scan image from the processing of A-scan signals. The display type A (A-scan display) is 
basically a graph of amplitude (vertical axis) versus flight time (horizontal axis) [5]. By arranging the A-scans 
waveforms, side-by-side, in correspondence with each scanning spot, one can produce a D-scan image characteristic 
of the ToFD [6]. Thus, the display type D (D-scan display) presents a gray scale image, generated from the not 
rectified A-scan signals, representing a view of the cross section perpendicular to the tested object [6].  
2. Materials and Methods 
In order to compare the ToFD technique with other NDT technique, a pulse-echo technique was additionally 
realized. Moreover, the comparison aimed to show the importance of the proper choice of technique due to the 
characteristics of the test. A measurement software was developed to generate images from the signals obtained 
from both, ToFD and pulse-echo technique. Tests were carried out in the same standard block that has 
discontinuities with known propagation velocity. More details are presented further in the following section. 
2.1. Testing Object 
The reference block for ultrasound of type 1 (ISO 2400: 2012 – Non-destructive testing Ultrasonic testing 
Specification for calibration block No. 1) was used for the tests [7]. The standard block has several discontinuities 
with known dimensions, which has been calibrated in the Brazilian National Dimensional Metrology Laboratory. 
Moreover, the speed of sound was calibrated at Labus/Inmetro, as it is an important input parameter in the 
developed software. 
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2.2. Software 
The software was developed in LabVIEW ™ (National Instruments, USA). A particular applicability of the 
software was to generate the images assessed through the signals captured by the acquisition system considering two 
different techniques: ToFD and Pulse-Echo. The software offers two pairs of cursors for calculating the thickness of 
the object under test and the possible discontinuities positions and dimension, directly from the flight time obtained 
from the acquired signals. As an example, the equation used to calculate the dimensions of ToFD was as follows [8]: 
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Where H is the material thickness [m], S is the separation distance between the transducers (Probe Separation 
Center - PCS) [m], c is the calibrated speed of sound [m/s] and t is the time of flight [s]. 
2.3. Measurement uncertainty 
The measurement uncertainty was calculated from the equations used in the program cursors, for both the ToFD 
and the pulse-echo techniques. After the determination of all sources of uncertainty, the final combined uncertainty 
was calculated for each measurement of thickness and depth, and the respective expanded uncertainty (k = 2) [9]. As 
an example, one can see one of the equations used to calculate the final uncertainties for the cursors. 
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Where: ݑ௖௙ா  is the final combined uncertainty of the pair of cursors (Pulse-Echo) [mm], ݑ௖௙௩௟  is the combined 
uncertainty of longitudinal velocity [mm/s], ߲݀ ߲ݒΤ  and ߲݀ ߲ݐΤ  are the sensitivity coefficients that describe how the 
output estimate varies with changes in the values of the input and ݑ௖௙௧௟  is the combined uncertainty of the longitudinal 
time [s]. 
3. Results and Discussion 
The tests performed were based on the manual method, acquiring only one point in different regions of the block 
and comparing them. To analyze the behavior of ToFD and pulse-echo techniques, two regions of the block were 
chosen. A flawless region (region 1) and another contain two discontinuities with 4 mm of depth in the upper and 
lower faces of the block (region 2).  
After identifying the major waves, cursors were used to measure discontinuities. The values measured, as well as 
the respective uncertainties, are presented in Table 1. 
One can discern that the thickness determined using the pulse-echo technique was closer to the calibrated value 
than the one calculated by ToFD (Table 1). Moreover, the lower discontinuity presented the value of 4.03 mm by the 
ToFD technique (Table 1). 
Table 1. Comparing the measured results using the ToFD and pulse-echo techniques and the values derived from the 
dimensional calibration of standard block in Lamed/Inmetro.  
 Measured Expanded Uncertainty 
Calibrated thickness [mm] 25.000 0.003 
Thickness measured by pulse-echo technique [mm] 25.130 0.042 
Thickness measured by the ToFD technique [mm] 24.710 0.093 
Depth defined in standard [mm] 4.00 - 
Depth measured by pulse-echo technique [mm] 4.100 0.042 
Depth measured by the ToFD technique [mm] 4.03 0.50 
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In Figure 2, the image was generated from the 
acquired signals in regions 1 and 2, using ToFD 
technique. One can observe two main signs: the 
lateral wave (Figure 2 – Point 1) and the reflection 
from the bottom (Figure 2 – Point 2). It is possible 
to observe yet another line corresponding to the 
lower discontinuity (Figure 2 – Point 3). However, 
it is not possible to identify the top discontinuity, 
located at the surface. Another interesting aspect is 
the disappearance of the lateral wave, which 
happens due to the discontinuity preventing lateral 
wave propagation on the surface of the material. 
This effect is a clear indication of a discontinuity or 
surface cracking.
Fig. 2. Measurement thickness discontinuities and performed using the 
program LabVIEW to ToFD technique. 
4. Conclusion 
The pulse-echo technique was not efficient in detecting block flaws, being inefficient for discontinuities 
perpendicular to the surface test. However, it was efficient for sizing, both the thickness and depth of the slot, with 
errors of 0.52% and 2.5%, respectively. On the other hand, ToFD was sensitive to block flaws and the presence of 
discontinuity, presenting results consistent with the calibrated values. For measuring discontinuities, ToFD 
technique had an error of 0.75%, almost 4 times smaller than the error of pulse-echo technique. However, the ToFD 
was not as efficient as the pulse-echo technique for estimating the block thickness, with error of 0.84% against 
0.52% of the pulse-echo technique. 
Considering these results, one can concluded that the ToFD is a suitable alternative for the detection of flaws and 
discontinuities independent of their orientation and size. However, it is clear the necessity for choosing appropriate 
NDT technique to the detection of faults and discontinuities, as well as the study of the sources of uncertainty that 
may influence the results. If these factors are not considered, the results may be influenced, compromising the 
reliability of the inspection. 
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